Introduction
Progression of eukaryotic cells through the cell cycle is regulated by a family of cyclin-dependent kinases (cdk) (Pines, 1993; Sherr, 1994; Sherr and Roberts 1995) . Cyclin-dependent kinases exist as complexes that minimally contain a regulatory subunit (cyclin) and a catalytic subunit (cdk). Cyclin/cdk activity is regulated positively and negatively by phosphorylation (Pines, 1993; Sherr, 1994; Sherr and Roberts, 1995; Morgan, 1995) . Additionally, two classes of cdk inhibitors (cki) have been identi®ed in mammalian cells, (Sherr and Roberts, 1995) . One class of inhibitors consists of the INK4 proteins (p16 INK4a , p15
INK4b and p18
INK4c
) which contain ankyrin repeats. The INK4 proteins interact with cdk4 and cdk6, and prevent the formation of cdk4/cyclin D and cdk6/cyclin D complexes and the subsequent phosphorylation of the retinoblastoma protein (Serrano et al., 1993; Hannon and Beach, 1994; Guan et al., 1994) . The other class includes p21 (Cip1, Waf1, Sid1) , p27
Kip1 and p57 Kip2 (Sherr and Roberts, 1995; Hunter and Pines, 1994; Toshiyasu and Koeer, 1995) . These proteins are structurally and functionally distinct from those of the INK4 family. p21
Cip1 has been shown to form complexes with cdk(s)/cyclins in vivo resulting in the inhibition of Rb phosphorylation by cdk4/cyclin D, cdk6/cyclin D, cdk2/cyclin E and cdk2/cyclin A in vivo (Xiong et al., 1992; Zhang et al., 1994; Harper et al., 1993) . The induction of p21
Cip1 in response to DNA damage is regulated in a p53-dependent manner; however, induction of the p21 Cip1 response to cellular dierentiation is controlled by a p53-independent pathway (El-Deiry et al., 1993; Noda et al., 1994; Michieli et al., 1994) . p57
Kip2 shows tissuespeci®c patterns of expression and is involved in the decision to exit the cell cycle during development and dierentiation (Shuhei et al., 1995) . p27
Kip1 exhibits 44% amino acid homology with p21
Cip1 in the Nterminal region and associates with cdk2/cyclin E, cdk2/cyclin A and cdk4/cyclin D. The G 1 arrest resulting from contact-inhibition, serum deprivation, treatment with transforming growth factor-b (TGF-b), rapamycin or staurosporine directly correlated with the accumulation of high cellular levels of p27
Kip1 (Polyak et al., 1994a,b; Toyoshima and Hunter 1994; Kato et al., 1994; Kwon et al., 1996a) .
The N-terminal domain of p21 Cip1 interacts with cdks and suppresses the growth of tumor cells whereas the C-terminal half of p21
Cip1 had no eect on cell growth (Chen et al., 1995 (Chen et al., , 1996a Nakanishi et al., 1995) . p21
Cip1 has independent binding sites for cyclins and cdk2 and both binding domains are required for optimum inhibition of cdk2/cyclin kinases (Fotedar et al., 1996) . The C-terminal 39 amino acids of p21
Cip1 are involved in the binding of PCNA which results in the partial inhibition of DNA replication in vivo (Chen et al., 1995; 1996a,b; Nakanishi et al., 1995; Francoise and Ducommun 1995) . The crystal structure of the 69 amino terminal peptide of p27 Kip1 bound to the phosphorylated cdk2/cyclin A complex depicted three separate binding regions of p27
Kip1 (Russo et al., 1996) . Those regions which bind to cdk2 together are capable of inducing large conformational changes around the catalytic cleft of cdk2.
To further understand the nature of the complex which p27
Kip1 forms with cdk2/cyclin kinases, we have generated point mutants within the b-hairpin region of p27 Kip1 (residues 60 ± 74). Binding of this b-hairpin to cdk2 causes a rearrangement of the N-terminal b sheet and catalytic cleft of cdk2 (Russo et al., 1996) . We identi®ed two binding regions important for binding to cdk2 which were also involved with the inhibition of the kinase activity. Further studies performed with one of the point mutants (F64A) showed a correlation between cdk2 binding activity, kinase inhibition activity and growth suppression.
Results

Analysis of cdk2 binding sites in p27
Kip1 by site-directed mutagenesis Sequence comparison of the amino terminal cdk2 binding domain of mouse p21
Cip1
, p27
Kip1 and p57
Kip2 is shown in Figure 1 . The cdk2 binding domain of p21
is located between residues 45 ± 60 which represents one of three separate domains sharing high homology with domains within p27
Kip1 (Francoise and Ducommun, 1995) . To further characterize the cdk2 binding site of p27 Kip1 located within amino acid residues 53 ± 85, we attempted to manipulate sites within this region that are known to be involved in the binding of cdk2 (Kwon et al., 1996b) . To identify the amino acids which are required for cdk2 binding activity, we generated point mutations in the region of amino acids 62 ± 75 of p27
Kip1 . The interaction of the various point mutants was determined by mixing a constant amount of immobilized GST-p27 Kip1 fusion proteins of each mutant and 35 S-methionine labelled in vitro translated cdk2. The labelled cdk2 bound to each GST-fusion protein was detected by SDS ± PAGE followed by autoradiography. F62A, D63A, F64A, G72A and Y74A point mutants essentially lacked cdk2 binding capacity. Interestingly, point mutations at amino acid residues 65 ± 71 had binding activity similar to that of the wild type protein, except the L70A point mutant, which exhibited a lower binding eciency (Figure 2 ). These results indicated that two regions within the b hairpin of p27
Kip1 may be responsible for binding cdk2.
The p27
Kip1 wild type and mutant proteins binding to cyclin E Kinase activity associated with cdk2/cyclin E complexes is detected during the mid-G 1 phase of cell cycle and exhibits a high level of catalytic activity at the G 1 / S transition stage (Pines, 1993; Sherr, 1994; Sherr and Roberts 1995) . Previous data have demonstrated that the cyclin E binding domain and cdk2 binding domain of p21 are independent (Lin et al., 1996) . We examined the binding of p27
Kip1 to cyclin E. Consistent with the previous observations (Russo et al., 1996; Lin et al., 1996) essentially the same binding avidity between cyclin E and the various p27
Kip1 point mutations was observed as for cyclin E and the wild type p27 Kip1 protein ( Figure 3 ). These results indicate as expected from previous data that the cyclin E binding domain of p27 Kip1 does not coincide with the cdk2 binding domain.
In vitro cdk2 kinase inhibitory activity of wild type and mutant p27
Kip1
We compared the inhibitory activities of representative p27
Kip1 point mutant fusion proteins on the kinase activity of preformed cdk2 complexes. The catalytic activity of cdk2 immunoprecipitated from 100 mg of BW5147 lysates was determined in the absence and presence of various concentrations of GST-fusion proteins of p27
Kip1 wild type, point mutant F62A, point mutant F64A and point mutant G72A were (Figure 4 ). Because the F64A point mutation GST-fusion protein showed the lowest inhibitory activity (Figure 4) S-methionine labelled in vitro translated cyclin E and cdk2 were combined and the presence of complexes was demonstrated by immunoprecipitation with anti-cdk2 and analysed by SDS ± PAGE and autoradiography for both cyclin E and cdk2 ( Figure 5a , lane 3). Equal aliquots of the same mixture were incubated with glutathione Sepharose beads complexed with GST alone, Kip1 wild type (WT) or GST-F64A mutant protein and the proteins bound to the beads were analysed by SDS ± PAGE and autoradiography ( Figure 5a , lanes 4 ± 6). The p27
Kip1 wild type protein very eciently associated with the cyclin E and cdk2 whereas the F64A mutant protein reacted almost exclusively with cyclin E. The low level of cdk2 bound to the F64A mutant protein most likely results from cdk2/cyclin E complexes since the cyclin E binding site of the protein was unaltered.
The binding properties of p27
GST-fusion proteins to cdk2 and/or cdk2/cyclin complexes were also examined using whole cell lysate from BW5147 cells. BW5147 lysate immunoprecipitated with anticdk2 and analysed by immunoblotting using a cdk2 speci®c antibody detected three proteins of 33, 34 and 40 kDa (Figure 5b ). The 33 and 34 kDa proteins represent the phosphorylated (lower band) and unphosphorylated (upper band) forms of cdk2. We have previously shown that the 40 kDa protein is the murine-speci®c cdk2b form of cdk2 (Kwon et al., 1996b) . GST alone, GST-fusion proteins of p27
Kip1 wild   200  100  50  25  200  100  50  25  200  100  50  25  200  100  50  25  GST   WT  F62A G72A F64A Figure 4 Comparison of inhibitory activity of GST alone, GSTp27 Kip1 wild type, GST-p27 Kip1 mutant F62A, F64A and G72A to cdk2 kinase activity. BW5147 whole cell lysate (100 mg) was immunoprecipitated with anti-cdk2 and combined in H1 histone kinase reaction mixtures with 200 ng GST or the indicated amount in ng of Kip1 wild type (WT) or GST-p27 4) . The proteins bound to the glutathione Sepharose beads were analysed by SDS ± PAGE and immunoblotting with anti-cdk2 (lanes 1 and 2) and anti-cyclin E (lanes 3 and 4) cdk2 Binding sites on p27 Kip1 TK Kwon and AA Nordin type and F64A mutant were immobilized on glutathione-Sepharose 4B beads and incubated with 100 mg of the same BW5147 lysate and analysed by immunoblotting using a cdk2 speci®c antibody. Densitometric analysis of the resulting Western blot ®lm indicated that wild type p27
Kip1 GST-fusion protein bound approximately threefold more cdk2 as compared with the mutant F64A GST-fusion protein. Unfortunately antisera reactive with murine cyclin E reacts nonspeci®cally with the GST fusion proteins which have a similar molecular size to cyclin E which precluded detection of cyclin E. However it should be noted that the predominant form of cdk2 found associated with F64A mutant protein was the phosphorylated catalytically active form which preferentially complexes with cyclin E. To further establish that the cdk2 detected by adding GST-F64A mutant protein bound to glutathione Sepharose to whole cell lysates, we repeated the above experiment using lysates prepared from a human breast carcinoma cell line, MDA 361, which previously had been shown to contain cdk2/cyclin E complexes (Kwon et al., 1996a) . Similar to the results obtained with lysates prepared from murine cells, the GST-p27
Kip1 fusion protein bound approximately threefold more cdk2 than the mutant F64A GST-fusion protein (Figure 5c , lanes 1 and 2). The membrane was then stripped and reprobed with antisera speci®c for human cyclin E which did not nonspeci®cally react with the GST fusion proteins. Approximately the same amount of cyclin E bound to the wild type p27
Kip1 as to the F64A mutant protein (lanes 3 and 4). These results again suggest that the cdk2 associated with the F64A mutant protein was complexed to cyclin E since the dominant form of cdk2 detected was the phosphorylated catalytically active form.
p27
Kip1 wild type and mutant F64A binding assay in vivo
To determine the cellular response to the introduction of the F64A mutant form of p27 Kip1 , we constructed full-length sense and antisense coding sequences of p27
Kip1 wild type and mutant F64A and transfected these constructs and unmodi®ed pHook2 (Chestnut et al., 1996) Kip1 was unchanged (Figure 6b) . The cdk2 expression level of the transfected cells was con®rmed by erasing the membrane and reprobing with anti-cdk2 antibody (Figure 6c ). These results showed that the ectopic expression of p27
Kip1 wild type and mutant F64A did not aect cdk2 expression.
We assayed the lysates derived from cell lines transfected with p27
Kip1 wild type and mutant F64A for cdk2 kinase activity. The catalytic activity of cdk2 Kip1 is capable of suppressing tumor cell growth (Chen et al., 1996c) , we determined the colony forming potential of HeLa cells transfected with sense and antisense sequences of p27
Kip1 wild type and the F64A mutant. The transfection eciency was normalized by determining the b-galactosidase activity and equivalent aliquots of cells were cultured in nonselection media for 2 days. The cultured media was then replaced with the same media containing geneticin (G418) at 1000 mg/ml. Two weeks after geneticin resistance selection, colonies were counted after staining with crystal violet. The results of one of the three experiments are shown in the top portion of Figure 8 
Discussion
The cyclin-dependent kinase inhibitor, p27 Kip1 , is a member of the Kip/Cip family of inhibitors that binds to and inhibits the catalytic activity of the G 1 and S associated cyclin/cdk complexes (Sherr and Roberts, 1995; Polyak et al., 1994a; Toyoshima and Hunter, 1994) . The cdk2 binding domain of p27
Kip1 is located within the amino acid sequence 53 ± 85 (Kwon et al., 1996b) which represents one of three domains which share homology with another member of the Kip/Cip family, p21 Cip1/Waf1 . The cdk2 binding domain of p21
Figure 7 Eect of p27 Kip1 wild type and mutant F64A expression on cdk2 kinase activity. An equal amount of whole cell lysate (70 mg) from HeLa cells transfected with 2.5 mg of control vector (pHook-2), sense (S) and antisense (A) (opposite orientation) of p27
Kip1 wild type (WT) and mutant F64A was immunoprecipitated with anti-cdk2 and assayed for kinase activity using Rb-p56 as substrate. The reaction mixtures were analysed by SDS ± PAGE and the cdk2 kinase activity was determined by autoradiography (top panel). The gel was then scanned for b emissions by phosphoimaging and the results are shown in the bottom panel Kip1 wild type and F64A mutant. HeLa cells were transfected with 2.5 mg of control vector (pHook-2), sense (S) and antisense (A) (opposite orientation) of p27
Kip1 wild type (WT) and mutant F64A, and the transfection eciency normalized by measurement of b-galactosidase activity. Two days after transfection, medium was changed to the same medium containing 1000 mg/ml of geneticin. Two weeks after selection for geneticin resistance, colonies were stained with crystal violet, as described in Materials and methods. The results of one experiment is shown in the top portion of the ®gure and the composite of three experiments expressed as the percentage of the number of colonies compared to the number detected in HeLa cells transfected with vector containing no insert is shown in the bottom portion. The results represent mean+s.d. of the three independent experiments cdk2 Binding sites on p27 Kip1 TK Kwon and AA Nordin has been localized to one of these homology regions between residues 45 ± 60 (Francoise and Ducommun 1995) . The crystal structure of the p27 Kip1 inhibitory domain (residues 25 ± 93) complexed to the phosphorylated form of cdk2 bound to cyclin A has identi®ed three structural components of the p27
Kip1 peptide which are involved in the inhibition of cdk2/cyclin A kinase activity (Russo et al., 1996) . These three regions were proposed to bind to cdk2 in a highly interdependent and cooperative fashion. One of these structural components which represents the b-hairpin (residues 60 ± 74) causes a rearrangement of the Nterminal b sheet and catalytic cleft of cdk2 (Russo et al., 1996) . We have introduced several point mutations into this b-hairpin. Two regions within the amphipathic b-hairpin region, FDF and GXY, are critical for cdk2 binding and single point mutations introduced into p27
Kip1 resulted in essentially a complete loss of cdk2 binding activity. Based on the interactions of cdk2 and p27
Kip1 as revealed by analysis of the crystal structure (Russo et al., 1996) , F62, F64 and Y74 are highly relevant to this interaction and their replacement by A alters the hydrophobic character of p27 Kip1 and decreases the interaction with the hydrophobic residues in the b plane of cdk2 thereby lowering the anity of the interaction. Also, replacing D63 with A dramatically alters the amphipathic characteristic of this region and potentially decreases the cdk2/p27 Kip1 interaction. However, these point mutations did not eect cyclin E binding activity which is consistent with the observations of others i.e. the cyclin binding domain of p27
Kip1 and p21 Cip1 is localized within the distal N-terminal region that contains the conserved LFG motif (residues 32 ± 34 and 21 ± 23 respectively) (Russo et al., 1996; Lin et al., 1996) . It is interesting to note that retinoblastoma related proteins p107 and p130 also contain an LFG motif which promotes the association of these proteins with cyclin A and subsequent phosphorylation by cdks.
Recently, Fotedar et al. (1996) reported that p21
Cip1 also contained independent binding sites for cyclin and cdk2 and that both sites were involved in the inhibition of cdk2 kinase activity (Fotedar et al., 1996) . Polyak et al. (1994a) and our previous studies (Kwon et al., 1996b) reported that the cdk2 binding domain of p27 Kip1 correlated with the inhibition of the kinase activity of cdk2/cyclin complexes. There was approximately a twofold reduction in the inhibition of cdk2 associated kinase activity by the F64A mutant fusion protein as that observed with the wild type protein at the 25 ng concentration. This inhibition of kinase activity by the F64A mutant protein of the cdk2/ cyclin complexes most likely was a result of the interaction of the intact cyclin binding motif of the F64A mutant protein with the cyclin moiety of the active complexes. The F64A point mutant of p27 Kip1 which did not bind signi®cant levels of in vitro translated cdk2 retained the capability to bind cyclin E. Although it was not possible to discriminate between binding of monomeric cyclin E and cdk2/ cyclin E complexes formed in vitro or in vivo, it is likely that the lower level of cdk2 detected in associated with the F64A mutant p27
Kip1 protein as compared to that associated with wild type p27
Kip1 was complexed with cyclin E. This is supported by Western blot analysis of the amounts of cdk2 a and b bound to glutathione Sepharose beads complexed with either GST p27 Kip1 WT or F64A mutant protein after incubation with BW5147 whole cell lysates. Although the WT fusion protein clearly bound more cdk2 than the F64A mutant protein, the catalytically active form of cdk2a (lower band) which would preferentially complex with cyclin A or E was the predominant form bound to the F64A mutant protein.
These results are consistent with those obtained from HeLa cells expressing either the WT or F64A mutant form of p27 Kip1 . Endogenous vs exogenous p27
Kip1 could be easily distinguished because of their dierence in size. The expression of p27 Kip1 WT did not signi®cantly compete with the endogenous form of the inhibitor for cdk2, suggesting that HeLa cells contain sucient levels of cdk2 to bind both forms of p27 Kip1 . Expression of p27
Kip1 mutant F64A did not alter the binding of endogenous p27
Kip1 with cdk2 and the low level of binding of the mutant protein with cdk2 could again be attributed to the binding of the intact p27
Kip1 -LFG motif with cyclin A or E. The expression of either the sense or antisense form of p27
Kip1 WT or F64A mutant had no detectable eect on the expression of cdk2 in the transfected HeLa cells. The cdk2 related kinase activity of the transfected HeLa cells was signi®cantly reduced only in those cells expressing the sense sequence of WT p27
Kip1 . The higher level of kinase activity observed in those cells transfected with sense sequence of F64A p27
Kip1 is presently unexplainable but may have resulted from displacement of the endogenous inhibitory p27
Kip1 by the noninhibitory F64A mutant form.
Increased levels of p27
Kip1
induced by cell-cell contact, transforming growth factor b, elevated cyclic AMP levels, rapamycin and staurosporine have been associated with a G 1 arrest (Polyak et al., 1994a, b; Toyoshima and Hunter, 1994; Kato et al., 1994; Kwon et al., 1996a) . The involvement of p27 Kip1 in the negative regulation of cell proliferation is related to the binding and subsequent inhibition of the kinase activity of cdk2/cyclin complexes (Polyak et al., 1994a, b; Toyoshima and Hunter, 1994; Kato et al., 1994; Kwon et al., 1996a) . It has been reported that HeLa cells treated with lovastatin accumulated high levels of p27
Kip1 and were arrested in the G 1 phase of cell cycle (Hengst and Reed, 1996) . In HeLa cells transfected with p27
Kip1 WT or F64A mutant the colony forming capacity was signi®cantly reduced only in those cells expressing p27 Kip1 WT which has been shown in vitro to suppress cdk2 kinase activity. HeLa cells transfected by plasmids containing the p27 Kip1 F64A mutant constructs which code for proteins which failed to bind or to inhibit the kinase activity of cdk2 showed uninhibited colony development. These results suggest that the high levels of exogenously introduced p27 Kip1 suppressed the cellular proliferation of HeLa cells similar to that observed when endogenous levels of p27 Kip1 were induced.
Materials and methods
Cell culture and materials
The murine BW5147 thymoma and HeLa cell lines were obtained from ATCC (Rockville, MD). The culture antibodies were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Lysine-rich histone was purchased from United States Biochemical Corporation (Cleveland, OH) and protein G-agarose from Calbiochem (La Jolla, CA).
Construction of deletion mutants and point mutants of p27 Kip1
The deletion mutants of p27
Kip1 were previously described (Kwon et al., 1996b) . Point mutations to p27
Kip1 were generated by a two-step PCR method (Stean et al., 1989) using the following primers (see Table 1 ). 5'-CCGCCC-GAGGATCCAGATGTCA-3' (upstream primer), and 5'-GAAATATTCTGAATTCGGA-3' (downstream primer). EcoRI and BamHI sites were included in the primers so that following EcoRI and BamHI digestion of the PCR products, they could be subcloned into the pGEX-3X BamHI/EcoRI site. Clones representing each of the point mutations were sequenced to ensure the accuracy of the PCR ampli®cation procedure.
Expression and puri®cation of GST-p27
Kip1 fusion proteins
Recombinants were transformed into Eschericia coli HB101 and expression of the fusion protein was induced with 1 mM isopropyl-b-D-thiogalactoside (IPTG) at 308C for 24 h. Cells were harvested and lysed by sonication in extraction buer (10 mM TrisHCl [pH 7.4], 100 mM NaCl, 10 mM EDTA, 1% Triton X-100), and the lysates were clari®ed by centrifugation. GST-p27 Kip1 fusion proteins were adsorbed onto glutathione-Sepharose beads and eluted with 20 mM reduced glutathione.
In vitro translation and binding assay
In vitro translation products of cdk2 and cyclin E were generated by a TNT coupled reticulocyte lysate system (Promega, Madison, WI) in the presence of 40 mCi of [ 35 S]methionine (1000 Ci/mM), according to the instructions of the manufacturer. For binding assay, 100 ml of binding buer (20 mM HEPES pH 7.4, 150 mM NaCl, 10% glycerol, 0.1% Triton X-100) and 10 ml of the translation mixture were added to 30 ml of Sepharose beads containing 2 mg of immobilized GST or Kip1 fusion proteins. After four washes with binding buer, 20 ml of sample buer was added and the beads boiled for 5 min. The supernatants were collected and electrophoresed on a 10% polyacrylamide SDS gels. The 35 S-labeled cdk2 and cyclin E were detected by autoradiography.
Immunoprecipitation and Western blotting
Cellular lysates were prepared by suspending 1610 6 cells in 100 ml of lysis buer (137 mM NaCl, 15 mM EGTA, 1 mM sodium orthovanadate, 15 mM MgCl 2 , 0.1% Triton X-100, 25 mM MOPS, proteinase inhibitor E64 2 mg/ml adjusted to pH 7.2). The cells were disrupted by sonication and extracted at 48C for 30 min. For immunoprecipitation, 70 or 100 mg of cellular lysates were reacted with 2 mg of antibody at 48C for 1 h. The immune complexes were recovered by the addition of protein G-agarose which was washed and suspended in Laemmli buer, boiled for 5 min and analysed on 10% SDS polyacrylamide gels. The proteins were electrotransferred to Immobilon-P membranes (Millipore Corporation, Bedford, MA). Detection of speci®c proteins was carried out with the Western blotting kit according to manufacturer's instructions.
Kinase assay
Immunoprecipitates prepared from 40 mg of cell lysate, as described above, were assayed for Rb-p56 kinase activity. Brie¯y, immunocomplexes were incubated with HB buer (60 mM b-glycerophosphate, 15 mM p-nitro phenylphosphate, 15 mM MgCl 2 , 0.1 mM sodium orthovanadate, 80 mM NaCl, proteinase inhibitor E64 2 mg/ml, 5 mM EGTA, 25 mM MOPS pH 7.2) containing 1 mg of the Rb-p56 protein, 50 mM ATP, 5 mCi [g 32 P]ATP (10 Ci/mM: NEN Dupont, Wilmington, DE) at 308C for 30 min. The reactions were terminated by addition of 15 ml of SDS ± PAGE sample buer. Phosphorylation of proteins was analysed by 10% SDS ± PAGE and detected by autoradiography after exposure at 7708C.
DNA transfection and growth suppression assay
The plasmids containing full length sense and antisense coding sequences of mouse p27
Kip1 wild type gene and F64A mutant were constructed by ligation of EcoRI/ BamHI digested pcDNA3.1(+,7) vector (Invitrogen, San Diego, CA) with the EcoRI/BamHI inserts from pGEX-3X/p27Kip plasmids. The mammalian expression vector, pHook-2 (Invitrogen, San Diego, CA), contains a polyadenylation signal for stabilization of the message and a single chain antibody (sFv) which allows rapid selection from the culture by binding to hapten-coated magnetic beads. We generated pHook-2 vector constructs by recombination of HindIII/XbaI digested pcDNA3.1/p27 vector and pHook-2. Adherent HeLa cells were transfected with 2.5 mg of plasmid DNA using the Lipofectamine method (GIBCO BRL, Gaithersburg, MD) according to the manufacturer's protocol. Normalization of the transfection eciency was determined by measurement of b-galactosidase activity, as described by the manufacturer (Promega, Madison, WI). To assay for growth suppression by various p27
Kip1 constructs, after transfection, the cells were cultured in non-selection media for 2 days and then subjected to geneticin (G418) at 1000 mg/ml. Two weeks after G418 addition, colonies were stained with crystal violet (0.75 g dissolved in 25 ml ethanol followed by addition of 150 ml formaldehyde and 325 ml H 2 O). The number of resistant colonies was scored after staining with crystal violet.
DNA sequence analysis
Sequencing was performed by dideoxynucleotide chain termination procedure using double stranded plasmid DNA with Sequenase kit version 2.0 (Gibco BRL, Gaithersburg, MD). F62A  D63A  F64A  Q65A  N66A  H67A  K68A  P69A  L70A  E71A  G72A  Y74A  E75A TGG AAT GCC GAC TTT CAG AAT CAT TGG AAT TTC GCC TTT CAG AAT CAT TGG AAT TTC GAC GCT CAT AAT CAT AAT TTC GAC TTT GCG AAT CAT AAG GAC TTT CAG GCT CAT AAG CCC CTG GAC TTT CAG AAT GCT AAG CCC CTG CAG AAT CAT GCG CCC CTG GAG GGC CAT AAG GCC CTG GAG GGC AGA TAC CAT AAG CCC GCG AGA GGC AGA TAC CAT AGG CCC CTG GCG GGC AGA TAC CCC CTG GAG GCC AGA TAC GAA TGG GAG GGC AGA GCC GAA TGG CAG GAG GAG GGC AGA TAC GCA TGG CAG GAG The mutated nucleotides are bold and underlined cdk2 Binding sites on p27 Kip1 TK Kwon and AA Nordin Abbreviations Cdk, cyclin-dependent kinase; cki, cdk inhibitor; Rb, retinoblastoma protein; TGF-b, transforming growth factor-b: PCNA, proliferating cell nuclear antigen; PCR, polymerase chain reaction; GST, glutathione S-transferase; PAGE, polyacrylamide gel electrophoresis.
